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The NetherlandsABSTRACT AMP-activated protein kinase interacts with oligosaccharides and glycogen through the carbohydrate-binding
module (CBM) containing the b-subunit, for which there are two isoforms (b1 and b2). Muscle-specific b2-CBM, either as an iso-
lated domain or in the intact enzyme, binds carbohydrates more tightly than the ubiquitous b1-CBM. Although residues that
contact carbohydrate are strictly conserved, an additional threonine in a loop of b2-CBM is concurrent with an increase in
flexibility in b2-CBM, which may account for the affinity differences between the two isoforms. In contrast to b1-CBM, unbound
b2-CBM showed microsecond-to-millisecond motion at the base of a b-hairpin that contains residues that make critical contacts
with carbohydrate. Upon binding to carbohydrate, similar microsecond-to-millisecond motion was observed in this b-hairpin and
the loop that contains the threonine insertion. Deletion of the threonine from b2-CBM resulted in reduced carbohydrate affinity.
Although motion was retained in the unbound state, a significant loss of motion was observed in the bound state of the b2-CBM
mutant. Insertion of a threonine into the background of b1-CBM resulted in increased ligand affinity and flexibility in these loops
when bound to carbohydrate. However, these mutations indicate that the additional threonine is not solely responsible for the
differences in carbohydrate affinity and protein dynamics. Nevertheless, these results suggest that altered protein dynamics
may contribute to differences in the ligand affinity of the two naturally occurring CBM isoforms.INTRODUCTIONAMP-activated protein kinase (AMPK) is an essential
enzyme for regulating energy homeostasis (1,2). It is able
to activate fatty acid b-oxidation (3,4), glycolysis (5), and
glucose transport (6) while inhibiting lipid synthesis (7).
In this way, AMPK functions as a focal point for cellular
and whole-body mechanisms of energy homeostasis.
AMPK also serves to control gene transcription (8) and
protein synthesis (9), adapting the body to new regimes of
energy supply and demand, such as during exercise (10).
The enzyme has attracted widespread interest since the
discovery that it is activated by metformin, a drug that is
commonly used to treat Type 2 diabetes (11).
AMPK is a heterotrimer that consists of a catalytic a and
regulatory b and g-subunits. Each subunit exists in
different isoforms, with two a (a1 and a2), two b (b1 and
b2), and three g (g1, g2, g3) isoforms differentially ex-
pressed in various tissues in up to 12 different isoenzymes
(12). The kinase activity of AMPK is regulated by phos-
phorylation of the conserved threonine in the catalytic
domain of the a-subunit (13), by adenine nucleotide binding
to the g-subunit (14,15) and by glycogen binding to a
conserved mid-molecule carbohydrate-binding module
(CBM) located in the b-subunits (16). The CBMs of
AMPK adopt a b-sandwich fold with a single carbohy-Submitted August 15, 2011, and accepted for publicationDecember 9, 2011.
*Correspondence: prg@unimelb.edu.au
Editor: Michael Feig.
 2012 by the Biophysical Society
0006-3495/12/01/0305/10 $2.00drate-binding site formed by one of the b-sheets and a
b-hairpin (17). The amino acid residue sequence conserva-
tion between the CBMs of the two b-subunit isoforms is
high (81.7% identity in humans), and inspection of the avail-
able structures (b1-CBM in complex with b-cyclodextrin
(PDB ID: 1z0m) and unbound b2-CBM (PDB ID: 2f15))
shows that the residues in contact with carbohydrate are
strictly conserved and positioned similarly in these struc-
tures (Fig. 1). In the x-ray structure of the b1-CBM in
complex with b-cyclodextrin (17), five glucosyl units
make direct contact with the protein. Two tryptophans
(Trp-99 and Trp-133) form a cradle that makes extensive
hydrophobic contacts with three glucosyl units (G7-G1-
G2) of b-cyclodextrin. The side chain of Leu-146 pierces
the b-cyclodextrin ring, making additional contacts with
G7-G1-G2. The side-chain groups of Lys-126, Thr-148,
and Asn-150 form hydrogen bonds to OH groups of G1-
G2 while the main-chain carbonyls of Gln-145 and
Leu-146 hydrogen-bond G4 and G5 (17). All of these resi-
dues are similarly positioned in the unbound b2-CBM,
although the tip of the loop from Ser-144 to Gly-147, which
includes Leu-146, moves slightly away from the carbohy-
drate-binding site, and the indole ring of Trp-133 points
down. Binding of carbohydrate likely leads to small move-
ments of these residues to ensure close packing with
the ligand. Despite these marked similarities, a comparison
of the carbohydrate-binding properties of the b1- and
b2-CBMs with a range of linear, cyclic, and brancheddoi: 10.1016/j.bpj.2011.12.012
FIGURE 1 Structure and sequence alignment of
AMPK b-subunits. (A) The x-ray structure of
b1-CBM (1z0m) bound to cyclodextrin. The
b-strands are labeled. (B) b2-CBM (2f15) has the
same fold as b1-CBM. (C) Overlay of b1-CBM
and b2-CBM. (D) An expansion of b1-CBM
showing residues in contact with cyclodextrin.
(E) A comparison of the b1- and b2-CBM
sequences shows that the residues in contact with
carbohydrate are conserved, but a major difference
is a Thr insertion in b2-CBM at position 101. The
position of this Thr in the structure of b2-CBM is
indicated in B. (Sequence alignment was per-
formed by ClustalX, and sequence numbering is
according to b1-CBM.)
306 Bieri et al.oligosaccharides showed that the b2-CBM always binds
carbohydrate more tightly with an up to a 15-fold difference
in affinity (18).
A major difference between the two CBM sequences is
a Thr insertion in b2-CBM at position 101 (Fig. 1), which
appears to be a recent evolutionary event for this CBM
family (18). This insertion is in a loop connecting b-strand
2 and the ill-defined outer b-strand 3. Consequently, the
structures of the b1- and b2-CBMs deviate away from
each other near this loop. Inspection of the structures,
however, shows that the insertion does not affect the
main-chain hydrogen-bond patterns observed in the two
proteins, or the position of the critical carbohydrate-binding
residue, Trp-100 (Fig. 1). Hydrogen bonds involving side
chains do show some differences between the two struc-
tures. For example, the side chain OH of Ser-93 and NH2
of Asn-97 hydrogen-bond to the carbonyl of the Thr inser-
tion (Thr-102) in b2-CBM. In contrast, in b1-CBM the OH
of Ser-94 hydrogen-bonds to Ser-101 and the NH2 of
Asn-98 to the carbonyl of Leu-93. Of note, the side chain
of the Thr insertion points away into the solvent and is not
involved in any inter- or intramolecular interactions.
The importance of the protein loop conformation in
defining the specificity and affinity of protein-ligand inter-
actions is well known for a variety of systems, including
antibody-antigen (19), enzymes (20), receptors (21), and
signaling proteins (22). This suggests that the ligand affinity
differences observed between the two CBMs may be due to
the loop containing the Thr insertion. The additional residue
may increase protein flexibility, allowing the b2-CBM toBiophysical Journal 102(2) 305–314sample conformational states that are not accessible to the
b1-CBM. Indeed, deletion of Thr-101 in b2-CBM (b2
DThr-
CBM) resulted in a threefold lower affinity to carbohydrates
of the mutant, and insertion of a Thr in the corresponding
position in b1-CBM (b1
Thr-Ins-CBM) increased the affinity
to carbohydrates by threefold compared with wild-type
(WT) CBMs (18). Because there are no clear differences
in the nature of the structural contacts between carbohydrate
and the CBMs, it was hypothesized that dynamics may
account for the affinity differences. NMR spectroscopy is
a powerful method for characterizing protein dynamics on
timescales ranging from picoseconds to seconds (23), and
it has been applied to investigate the conformational
dynamics of loops in a variety of proteins (24–26). In this
work, we characterized the microsecond-to-millisecond
motion of CBMs (including mutants) using NMR tech-
niques and found significant differences between the b1-
and b2-CBMs, both free and saturated with ligand. In
addition, the carbohydrate affinity differences observed for
the isolated b1-CBM and b2-CBM domains were found to
be retained in the intact heterotrimeric enzyme complex
a1b1g1 but not in a1b2g1, suggesting that there is an
inherent difference between the two domains in the native
proteins.MATERIALS AND METHODS
Cloning and protein expression
AMPK b1- and b2-CBMproteinswere enrichedwith
15N via a 1-L fermenter
and expressed and purified as previously described (18). Site-directed
Protein Dynamics of AMPK b-CBM 307mutagenesis was performedwith the use of QuikChange (Qiagen) according
to standard procedures. Heterotrimers of AMPKwere produced as described
elsewhere (27).NMR spectroscopy
15N-labeled NMR samples were prepared to a final concentration of
0.3 mM protein in phosphate buffer (100 mM) at pH 6.8. Glucosyl-b-
cyclodextrin was chosen as the ligand because it is highly soluble and
binds tightly to both CBMs (Kd ¼ 5 mM for b1-CBM; Kd < 0.5 mM for
b2-CBM, in similarity to reported values for b-cyclodextrin (18)). To
achieve saturation of protein with ligands, 1.5 mM of glucosyl-b-cyclodex-
trin (Wako Pure Chemical Industries Ltd., Tokyo, Japan) was added to b2-
CBM WT and 15 mM to b1-CBM WT and Thr insertion as well as b2 Thr
knockout. We measured the effective 15N R2 relaxation rates using single-
scanned interleaved relaxation-compensated constant-time Carr-Purcell-
Meiboom-Gill (CPMG) pulse sequences (28,29) with a constant delay of
0.08 s (TCPMG), 24 scans per row, on a 600 MHz spectrometer (Bruker
Avance III equipped with z-gradient cryoprobe) at 298 K. Samples that
showed chemical exchange were further measured on an 800 MHz spec-
trometer (Bruker Avance II also equipped with a z-gradient cryoprobe)
at 298 K. Relaxation dispersion profiles were produced by recording
spectra with varying CPMG frequencies (nCPMG) (nCPMG ¼ 50, 2 75,
100, 2 150, 200, 300, 500, 2 700, 800, 900, 1000, 1500 Hz). In addi-
tion, a reference spectrum without a CPMG pulse train was recorded.
Transverse relaxation rates R2 were measured at 600 MHz by means of
15N T2 experiments (30) on 0.3 mM b1- and b2-CBM samples that were
free or bound to glucosyl-b-cyclodextrin. An additional experiment was
performed on 0.15 mM free b2-CBM. Spectra were acquired in a single-
scan interleaved manner, with an additional CPMG block placed during
recovery for heat compensation. Nine spectra were recorded to obtain R2
(T2 relaxation delays ¼ 0.016, 0.032, 0.064, 2 0.096, 0.129, 2 0.161,
0.193 s).Data analysis
Spectra were processed with NMRPipe (31) and analyzed with CcpNmr
(32). Overlapping peaks were excluded from further analysis. Peak intensi-
ties were used to calculate the effective transverse relaxation rates
(Reff2 ¼ 1=T lnðInCPMG=I0Þ, where T is the constant CPMG time (0.08 s),
and InCPMG and I0 are the signal intensities in the presence or absence of
the CPMG pulse, respectively). Data-fitting, model selection, and data
presentation of relaxation dispersion experiments were performed with
the open source software NESSY (33). 15N T2 experiments were analyzed
with relaxGUI (34).Curve-fitting and model selection
The data were fitted to no-, fast- (35,36), and slow- (37) exchange models
(models 1, 2, and 3, respectively). In the case of fast exchange, the chemical
shift difference du and exchange constant kex cannot be determined
uniquely. Therefore, a single value, F (¼ papbdu2, where pa and pb are
the major and minor populations, respectively), was extracted. Note that
the slow-exchange model is described by the unapproximated general
exchange expression, which can only be fully determined if spins are
in the slow-limit exchange. The best model was chosen using Akaike
information criteria with second-order correction for small sample size
(AICc) (38). Errors of extracted parameters were estimated using 500
Monte Carlo simulations, by varying individual rates within determined
experimental errors obtained by duplicating measured points (33). Data
recorded at two static fields were simultaneously fitted to the models
described above. Parameters were held constant for each residue, except
for du (model 3) and F (model 2), which were weighted by the heteronu-
clear frequency (15N).Cluster analysis
Residues that showed chemical exchange were grouped and simultaneously
fitted to model 2 or model 3. Parameters kex and pb were held constant for
the whole cluster, and R2
0, du (model 3), andF (model 2) were individually
determined. The best model was selected using AICc and errors of extracted
parameters were estimated using 500 Monte Carlo simulations.Sedimentation velocity analysis
Samples were analyzed using an XL-I analytical ultracentrifuge (Beckman
Coulter, Fullerton, CA) equipped with an AnTi60 rotor at 25C. Samples at
0.2 mM were added to double-sector Epon-filled centerpieces, with sodium
phosphate buffer (100 mM) in the reference compartment. To avoid satura-
tion of the detector, due to the high concentrations involved, initial absor-
bance wavelength spectra from 230 nm to 310 nm were acquired to
select optimal wavelengths for monitoring the samples during sedimenta-
tion. Radial absorbance data were then acquired at a rotor speed of
40,000 rpm, using wavelengths of 298 and 290 nm for the b1- and b2-
CBMs, respectively, and with radial increments of 0.003 cm in continuous
scanning mode. The sedimenting boundaries were fitted to a model that
described the sedimentation of a distribution of sedimentation coefficients
with no assumption of heterogeneity (c(s)) using the program SEDFIT (39).
Data were fitted using a regularization parameter of p ¼ 0.95, floating
frictional ratios, and 200 sedimentation coefficient increments in the range
of 0.3–10 S. For fitting to the c(M) model to estimate the molar mass,
identical parameters as for c(s) were used except for the fitting range of
1000–100,000 Da.Tryptophan intrinsic fluorescence
The fluorescence of 5 mMAMPK heterotrimers was measured as previously
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with the use of in-house-written scripts. DF is the absolute value of the fluo-
rescence intensity corrected for protein dilution during the titration, F0 isthe fluorescence intensity in the absence of carbohydrate, P0 is the total
protein concentration, and L0 is the total ligand concentration. Errors for
the dissociation constants (Kd) were estimated using 500 Monte Carlo
simulations.RESULTS
Peak broadening of the Trp-133 side-chain NH
in bound state of b2-CBM
The two conserved Trps of b1-CBM, Trp-100 and Trp-133
(Fig. 2 A), form hydrophobic contacts with carbohydrate
molecules (17,40). Consequently, small but significant
chemical shift differences are observed for the indole NH
signals in the 15N heteronuclear single quantum coherence
(15N-HSQC) spectra for both Trps of the b1-CBM in the
free state compared with the glucosyl-b-cyclodextrin-bound
state, reflecting the interaction with the carbohydrate
(Fig. 2 B). In the free state of b2-CBM, both indole
NH signals (Trp-99 and Trp-133) were also observedBiophysical Journal 102(2) 305–314
FIGURE 2 Effect of glucosyl-b-cyclodextrin on
the Trp side chain NH for the b1- and b2-CBM of
AMPK. (A) Structure of b1-CBM bound to cyclo-
dextrin, showing the two Trp that contact the oligo-
saccharide (17). (B) Upon titration of b1-CBMwith
glucosyl-b-cyclodextrin, the indole NH of both
Trps shifted. (C) Both Trp signals of unbound b2-
CBM are visible in the NMR spectra, but upon
ligand binding, Trp-133 shifted and line-broad-
ened. (D) Insertion of a Thr residue in the corre-
sponding position of b1-CBM (b1
Thr-Ins-CBM)
introduced line-broadening effects on ligand
binding. (E) Deletion of Thr-101 in b2-CBM
(b2
DThr-CBM) resulted in the indole NH of Trp-
133 showing reduced line-broadening on ligand
binding. The unlabeled Trp indole peaks, which
are essentially unaffected by the addition of gluco-
syl-b-cyclodextrin, are assigned to Trp-85 of
b1-CBM and Trp-84 of b2-CBM.
308 Bieri et al.(Fig. 2 C). However, the resonance for Trp-133 in the bound
state showed a markedly larger shift and was broadened due
to chemical exchange. Deletion of Thr-101 of b2-CBM
(b2
DThr-CBM) reduced the chemical shift difference and
line-broadening of the indole NH signal of Trp-133, essen-
tially reproducing spectra similar to that of WT b1-CBM
(Fig. 2 E). For the b1
Thr-Ins-CBM mutant, insertion of a Thr
introduced both a large chemical shift difference and line-
broadening of the indole NH signal of Trp-133, which were
similar to those observed for the b2-CBM WT (Fig. 2 D).Only b2-CBM shows microsecond-to-millisecond
motion in both free and bound states
The differences in line-broadening of the indole NH of Trp-
133 suggest that the protein dynamics of the two modules
may differ, and could partially explain the differences in
carbohydrate affinity. To understand the influence of ligand
binding on the protein dynamics of the AMPK b-CBMs, we
conducted NMR 15N R2 relaxation dispersion experiments
for the WT and mutants of the b1- and b2-CBMs either
unbound or bound to glucosyl-b-cyclodextrin under satu-
rating conditions. These experiments detect motions
between different conformational states whose interchange
occurs on the microsecond-to-millisecond timescale (41–
43). Although exchange can occur between more than two
states, it is convenient to describe the exchange that occurs
between a ground state A and an excited state B. The
measured chemical or conformational exchange provides
information about the exchange rate (kex) between states A
and B (kex ¼ kAB þ kBA).
No chemical exchange for b1-CBM was observed in
either the unbound or glucosyl-b-cyclodextrin-bound states
(Fig. 3 A). The lack of chemical exchange in b1-CBM in
both states is supported by similar R2 relaxation rates for
each residue observed in T2 spin-relaxation experimentsBiophysical Journal 102(2) 305–314(Fig. S2 A). In contrast, a number of residues for either
free or bound b2-CBM showed elevated R2 relaxation rates
(Fig. S2 B), suggesting the presence of chemical exchange
in this isoform. Consistent with this observation, in the
unbound state, chemical exchange was observed for several
residues of b2-CBM that are located within or near the
carbohydrate-binding b-hairpin (Fig. 3 C), as measured by
15N R2 relaxation dispersion experiments. The mobile
residues in the unbound conformation showed fast exchange
(kex ¼ 4936 5 351 1/s (50% trimmed mean)). Of note,
residues near or within the loop where Thr-101 is located
did not show a chemical exchange. Instead of quenching
motion upon addition of glucosyl-b-cyclodextrin to b2-
CBM, the motion became more widespread to include
residues surrounding Trp-99 and Thr-101. Although these
residues also experienced fast chemical exchange, with
the majority showing a reduced exchange rate (kex) of
14165 162 1/s (50% trimmed mean) compared with those
in the free b2-CBM.Effect of Thr insertion on the protein structure
and dynamics of b2-CBM
To further investigate the role of the Thr insertion in b2-
CBM, Thr-101 was deleted from b2-CBM (b2
DThr-CBM)
and inserted into b1-CBM (b1
Thr-Ins-CBM) at the corre-
sponding position of b2-CBM. Mutations may cause major
changes in structure and consequently functionality
compared with the WT (44). Chemical shift differences
betweenWTand mutant b1- and b2-CBMs were used to esti-
mate the effect of the Thr insertion into b1-CBM or deletion
in b2-CBM (Fig. 4). In b1-CBM, insertion of a Thr residue at
position 102 induced chemical shift differences for nearby
residues (i.e., residues Leu-93 to Ser-101) in both the free
and bound states. In addition, chemical shift differences
were observed for residues Tyr-125 to Phe-127 in the
FIGURE 3 Protein dynamics of AMPK b1- and b2-CBMs. (A) No chemical exchange was detected for b1-CBM in either the unbound state or bound to
glucosyl-b-cyclodextrin. (B) The Thr insertion into b1-CBM (b1
Thr-Ins-CBM) resulted in increased motion in the bound state for residues close to Trp-100. (C)
In contrast, b2-CBM has a mobile carbohydrate-binding b-hairpin in the unbound state. The carbohydrate-binding b-hairpin is stabilized upon ligand binding,
whereas residues close to Trp-99 and Thr-101 gain mobility. (D) Deletion of Thr-101 in b2-CBM (b2
DThr-CBM) reduces the gain of motion observed for the
bound state of the WT. Relaxation dispersion parameters for each protein in each state are summarized in Table S1 and Table S2.
Protein Dynamics of AMPK b-CBM 309unbound state. Similarly, deletion of Thr-101 in b2-CBM
resulted in chemical shift differences for nearby residues
Gly-94 to Ile-103 and residues Lys-126 to Gly131 in the
free and bound states. The region ~93–103 encompasses
b-strand 2 and the ill-defined b-strand 3, whereas the
majority of residues 125–131, which are located in b-strand
5 and a loop, are distant from the mutation (Figs. 1 and 4).
The observed differences in chemical shifts suggest that the
insertion of a Thr at position 102 has a long-range effect.
The region 125–131 includes Lys-126 and is near Trp-133.
The latter two residues are both essential for carbohydrate
binding. To ensure that the mutations did not significantly
alter the structure, 15N-edited NOESY spectra of b2-CBMand b2
DThr-CBM bound to saturating concentrations of glu-
cosyl-b-cyclodextrin were compared (Fig. S1). The NOESY
spectra indicated that no significant structural changes were
caused by the mutations. Strip plots for three residues that
form contacts between the protein and carbohydrate (Trp-
99, Lys-126 (whose 15NH is the most affected resonance
that is distant from the site of mutation), and Leu-146)
were essentially the same for b2-CBM and b2
DThr-CBM
(Fig. S1 and Fig. 4).
Relaxation dispersion experiments were also performed
on b2
DThr-CBM and b1
Thr-Ins -CBM free and under satu-
rating concentrations of glucosyl-b-cyclodextrin. Residues
of the unbound b1
Thr-Ins-CBM had no observableBiophysical Journal 102(2) 305–314
FIGURE 4 Chemical shift difference for b1- and b2-CBM compared with the mutations. (A) Insertion of a Thr in b1-CBM, corresponding to Thr-101 in
b2-CBM, resulted in significant chemical shift differences for residues 93–101 and 125–127 in the unbound state. (B) Addition of glucosyl-b-cyclodextrin to
b1-CBM and b1
Thr-Ins-CBM resulted in a decrease of shift differences for residues 125–127 compared with the free state. (C) Deletion of Thr-101 in b2-CBM
resulted in shift differences for residues 94–103 and 126–131. (D) In the bound state, the chemical shift differences between b2-CBM and b2
DThr-CBM were





lines indicate the median and first median deviation. Dark bars indicate the most significant differences.
310 Bieri et al.microsecond-to-millisecond motion, implying that the
insertion is not responsible for the observed motion in
unbound b2-CBM. However, in the presence of saturating
ligand, chemical exchange was observed for residues near
Trp-100 and the Thr insertion, and at the base of the
ligand-binding b-hairpin (Fig. 3 B). The exchange rate
constant for carbohydrate-saturated b1
Thr-Ins-CBM was
kex ¼ 20675 67 1/s (50% trimmed mean), and the increase
in mobility of residues near the Thr insertion was consistent
with the gain in affinity of b1
Thr-Ins-CBM for carbohydrate
when compared with WT b1-CBM. However, the motion
induced was not as widespread as that observed for WT
b2-CBM in the bound state. The mutant b2
DThr-CBM in its
free state showed a number of residues with microsecond-
to-millisecond motion (kex¼ 25805 769 1/s (50% trimmed
mean)), mostly localized to the carbohydrate-binding
b-hairpin, and generally similar to unbound b2-CBM
(Fig. 3 D). Upon addition of glucosyl-b-cyclodextrin,
most of this motion was quenched in b2
DThr-CBM, with
only Ser-100 (kex ¼ 700 5 48 1/s) and Ile-103 (kex ¼
4159 5 823 1/s) experiencing exchange effects. This
near-complete loss of motion in the b2
DThr-CBM is similar
to the absence of motion observed for bound b1-CBM,
and is also consistent with the observed reduction in affinity
to carbohydrate compared with the WT b2-CBM.Distal mobile regions in b2-CBM move on similar
timescales
Each residue in the free or bound states was best described
by the fast-limit exchange, two-state model. Therefore, weBiophysical Journal 102(2) 305–314were only able to extract kex and F ¼ pa pb du2 (where pa
and pb are the fractional populations of the major and minor
states, respectively, and du is the chemical shift difference
between the two exchanging states). To investigate whether
motion within the CBM occurs in the same timeframe,
residues that experienced chemical exchange were custered
and simultaneously fitted them to either slow-limit or fast-
limit exchange two-state models (Fig. 5). Clustered fits
were obtained by grouping residues near Thr-101 (Gly-94,
Ser-95, Asn-97, Asn-98, and Trp-99) and Trp-133 (Val-
134 and His-135). The clustered residues were best
described by the fast-limit exchange two-state model with
kex ¼ 1280 5 519 1/s. Because the chemical shifts of the
glucosyl-b-cyclodextrin bound and free states are known
(18), populations were calculated by solving the equation
for F. A major state population of pa ¼ 0.897 5 0.099
and a minor state population of pb ¼ 0.102 5 0.099 were
obtained.Isolated CBMs are present as monomers
A major concern in working with concentrated protein
solutions is the presence of protein complexes that influence
protein dynamics. Therefore, sedimentation velocity exper-
iments of 0.2 mM b1- and b2-CBM were performed
(Fig. S3). Both b1- and b2-CBM in the unbound state
were found to be present as a homogeneous single species,
both at ~10 kDa, indicating no aggregation. In addition,
transverse relaxation rates (R2) are known to be highly
susceptible to aggregation. A comparison of R2 values of
b2-CBM in the unbound state at 0.3 and 0.15 mM shows
FIGURE 5 Cluster analysis of b2-CBM bound to
glucosyl-b-cyclodextrin. (A) Residues 94, 95, 97,
98, 99, 134, and 135 were clustered and simulta-
neously fitted to slow- and fast-exchanging two-
state models (Ca and N are shown as spheres for
clustered residues). (B) Clustered residues fit
best to the two-state fast-exchange model (solid
lines and circles for data recorded at 600 MHz,
dotted lines and triangles for data recorded at
800 MHz). The extracted value for chemical
exchange was kex ¼ 1280 5 519 1/s. (C) The
parameter F (F ¼ pa pb du2) is represented as
color- and width-coded (from yellow to red and
increasing width for increasingF-values; the back-
bone N of each system is shown as a sphere), and
(D) plotted for spins in a static field of 800 MHz.
Protein Dynamics of AMPK b-CBM 311no differences (Fig. S2 C), indicating that the protein does
not aggregate at the higher concentrations (0.3 mM) of the
CBM used in NMR studies. Therefore, the observed differ-
ences in protein dynamics of the modules are not due to
protein-protein interactions.The b2-subunit containing heterotrimeric AMPK
has a higher affinity for carbohydrate
To determine whether the affinity differences of the b1-
and b2-CBMs for oligosaccharides are also observed in
the intact AMPK heterotrimer, three constructs of AMPK
(a1b1g1, a1b2g1 and a1b1DCBMg1 (27)) were bacterially
expressed and purified for binding studies. The affinity
of the three constructs for maltoheptaose and glucosyl-
maltoheptaose were measured using tryptophan intrinsic
fluorescence (Fig. 6). The heterotrimer a1b1DCBMg1, in
which the CBM domain has been deleted, showed no
significant binding to either oligosaccharide. This shows
that carbohydrate binding is specific to the CBM domains.
The heterotrimer a1b1g1 showed weak binding to both
oligosaccharides. The dissociation constant (Kd) of
a1b1g1 to maltoheptaose and glucosyl-maltoheptaose was
649 5 31 mM and 669 5 20 mM, respectively. Higher
affinity was measured for a1b2g1, in which a Kd of 74
5 2 mM and 24 5 2 mM was measured when it was
bound to maltoheptaose or glucosyl-maltoheptaose,
respectively.DISCUSSION
The isolated b1- and b2-CBM domains of AMPK show
different affinities for carbohydrate, with b2-CBM always
binding with a higher affinity than b1-CBM. The most
marked difference observed was the 15-fold increase in
affinity by b2-CBM for glucosyl-maltoheptaose, an a1,4
linked linear carbohydrate with a single a1,6 linkage (18).
The differences observed for the isolated domain are gener-
ally maintained in the AMPK heterotrimer, suggesting that
AMPKs containing the b2-subunit will be localized to
glycogen more readily than those containing the b1-subunit.
Compared with the isolated CBMs, the affinity differences
of the AMPK heterotrimers for carbohydrate are more
pronounced, with AMPK b2-subunit binding ~10-fold
more tightly to maltoheptaose and ~30-fold more tightly
to glucosyl-maltoheptaose. The AMPK b2-subunit is highly
expressed in skeletal muscle, contributing to a1b2g1,
a2b2g1, a2b2g3 heterotrimers, whereas the b1-subunit is
absent in human muscle but is predominant in most other
tissues as either a1b1g1 or a2b1g1 (45–47). The different
distributions of the b-isoforms and the heterotrimers suggest
tissue-specific functional roles.
Because these affinity differences are inherent to the
CBM domains, the underlying molecular phenomena were
investigated. Careful inspection of the available crystal
structures of the isolated CBMs does not show a simple
structural reason for these differences. Although the inser-
tion of a Thr into a loop between the b2- and b3-strands ofBiophysical Journal 102(2) 305–314
FIGURE 6 Dissociation constant measurements of AMPK heterotrimers. Intrinsic tryptophan fluorescence signals for (A) a1b1g1 and (B) a1b2g1 show
tighter maltoheptaose binding to the AMPK trimer containing the b2-CBM. (C) No binding to the heterotrimer without the CBM (a1b1DCBMg1) is observed.
Similarly, glucosyl-maltoheptaose bound less tightly to (D) a1b1g1 than to (E) a1b2g1, and did not bind to (F) CBM-deleted AMPK trimer (a1b1DCBMg1).
Each titration was performed in triplicate and the three resulting curves were simultaneously fitted.
312 Bieri et al.the b2-CBM results in a minor distortion of the protein
backbone compared with b1-CBM (the root mean-square
deviation (RMSD) of the Ca, N, and C0 for residues 79–
155 of b1-CBM to 78–100,102–155 of b2-CBM is 0.67 A˚,
whereas for 79–94,103–155 of b1-CBM to 78–93,103–155
of b2-CBM, thus excluding the Thr loop, is 0.63 A˚), the
carbohydrate contact residues are structurally conserved
between the two isoforms. Nevertheless, the insertion of
a Thr residue into the loop suggests a difference in protein
dynamics, which may account for the affinity differences.
Indeed, the protein loop dynamics, especially on the micro-
second-to-millisecond timescale, was previously shown to
play an important role in ligand affinity and specificity.
For example, a mutant of the C1B domain of protein kinase
Ca binds diacylglycerols 100-fold more tightly than the WT
protein, which appears to be linked to loop flexibility (26).
Mutations of a loop in RNAase A distant from the catalytic
site reduce both loop flexibility and product release rates
(24). Mutation of a Pro to Gly for an SH2 domain increases
loop flexibility and increases ligand affinity eightfold (48),
and a residue deletion from a loop of a WW domain reduces
flexibility and affinity (49).
The results presented here show that b1-CBM, in either
the free or carbohydrate-bound state, did not have any
detectable microsecond-to-millisecond motion. In contrast,
motion was present for both the free and carbohydrate-
bound b2-CBM. However, the microsecond-to-millisecond
dynamics in the free b2-CBM was not observed within the
Thr loop. It was mostly observed at the base of the b-hairpin
that makes critical contacts with carbohydrate. These
residues include Val-134, His-135, Asn-151, and Ile-152.
Upon binding to carbohydrate, the rate of exchange of the
detected microsecond-to-millisecond motion in the b2-
CBM decreased, but it became more widespread to includeBiophysical Journal 102(2) 305–314residues Gly-94 to Lys-107, which encompass the Thr loop
and a part of the outer b-strand 3. Of significance, for b2-
CBM bound to carbohydrate, the motion at the base of the
carbohydrate-binding b-hairpin and the Thr loop appeared
to be on the same timescale. The dynamics at the base of
the carbohydrate-binding b-hairpin allows the b2-CBM
domain to access states that are amenable to carbohydrate
binding and are either unavailable to the b1-CBM or are
significantly reduced in population and cannot be detected.
Upon binding to carbohydrate, new regions of motion that
include residues in the Thr loop are detected, suggesting
that additional states become available to the b2-CBM.
These states are presumed to preexist in the free protein
(50); however, binding of ligand shifts the equilibrium,
and consequently these new bound states may only be
detectable in experiments on bound b2-CBM (51,52).
Insertion and deletion of the Thr into the WT background
did not fully recover ligand-binding affinity (18) or repro-
duce the dynamics observed for the WT proteins. Chemical
shift differences between the mutants and corresponding
WT CBMs showed a long-range effect between the region
of the Thr insertion to residues involved in carbohydrate
binding, including Lys-126 and Trp-133, suggesting that
a structural network formed through the central b-strands.
In b2-CBM, Thr-101 is relatively distant from Trp-133.
The Ca-to-Ca distance of these residues is 13 A˚ in the
crystal structure (2f15), although as the large aromatic
ring of Trp-133 sits over the top b-sheet, it approaches the
backbone atoms of Thr-101. For example, the N of Thr-
101 and the Ch2 of Trp-133 are only 7.5 A˚ apart. However,
the deletion of the Thr from the b2-CBM (b2
DThr-CBM) did
not completely remove the motion observed for residues at
the base of the carbohydrate-binding b-hairpin in the free
state, suggesting that other residues may also be important
Protein Dynamics of AMPK b-CBM 313for this flexibility. However, on binding carbohydrate,
b2
DThr-CBM showed little microsecond-to-millisecond
motion. In contrast, the insertion of a Thr into b1-CBM
showed no motion when it was free of carbohydrate. Once
bound, residues in the threonine loop and a residue (Asn-
151) at the base of the carbohydrate-binding b-hairpin of
b1
Thr-Ins-CBM showed motion. These data suggest that the
Thr insertion is important for the flexibility of the CBM
but is not solely responsible for enabling access to the addi-
tional minor states of the protein, which may enhance carbo-
hydrate affinity.
In conclusion, although the naturally occurring CBM iso-
forms are closely related in structure, they markedly differ
in affinity for carbohydrate. This difference in carbohydrate
affinity is also observed in the AMPK heterotrimer. In this
study, the microsecond-to-millisecond motion of the iso-
lated CBMs was characterized, and it showed a trend for
increased motion being linked to higher carbohydrate
affinity. It is likely that this phenomenon also occurs in
the AMPK heterotrimer.SUPPORTING MATERIAL
Three figures and two tables are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(11)05411-7.
This work was supported by the Australian Research Council (Discovery
grant DP110103161 to P.R.G. and D.S.) and equipment grants from the
State of Victoria, Australian Research Council, and RowdenWhite Founda-
tion. M.B. received fellowships from the Swiss National Science Founda-
tion (PBBEP3-125613 and PA00P3-134167).REFERENCES
1. Steinberg, G. R., and B. E. Kemp. 2009. AMPK in health and disease.
Physiol. Rev. 89:1025–1078.
2. Scott, J. W., J. S. Oakhill, and B. J. van Denderen. 2009. AMPK/SNF1
structure: a menage a` trois of energy-sensing. Front. Biosci. 14:596–
610.
3. Chen, Z. P., G. K. McConell,., B. E. Kemp. 2000. AMPK signaling in
contracting human skeletal muscle: acetyl-CoA carboxylase and NO
synthase phosphorylation. Am. J. Physiol. Endocrinol. Metab.
279:E1202–E1206.
4. Park, S. H., S. R. Gammon,., W. W. Winder. 2002. Phosphorylation-
activity relationships of AMPK and acetyl-CoA carboxylase in muscle.
J. Appl. Physiol. 92:2475–2482.
5. Hue, L., C. Beauloye,., M. H. Rider. 2002. Insulin and ischemia stim-
ulate glycolysis by acting on the same targets through different and
opposing signaling pathways. J. Mol. Cell. Cardiol. 34:1091–1097.
6. Xi, X., J. Han, and J. Z. Zhang. 2001. Stimulation of glucose transport
by AMP-activated protein kinase via activation of p38 mitogen-acti-
vated protein kinase. J. Biol. Chem. 276:41029–41034.
7. Hardie, D. G. 2008. AMPK: a key regulator of energy balance in the
single cell and the whole organism. Int. J. Obes. (Lond). 32 (Suppl
4):S7–S12.
8. Leclerc, I., B. Viollet,., G. A. Rutter. 2002. Role of AMP-activated
protein kinase in the regulation of gene transcription. Biochem. Soc.
Trans. 30:307–311.9. Horman, S., G. Browne,., M. Rider. 2002. Activation of AMP-acti-
vated protein kinase leads to the phosphorylation of elongation factor
2 and an inhibition of protein synthesis. Curr. Biol. 12:1419–1423.
10. Ro¨ckl, K. S., M. F. Hirshman, ., L. J. Goodyear. 2007. Skeletal
muscle adaptation to exercise training: AMP-activated protein kinase
mediates muscle fiber type shift. Diabetes. 56:2062–2069.
11. Fryer, L. G., A. Parbu-Patel, and D. Carling. 2002. The anti-diabetic
drugs rosiglitazone and metformin stimulate AMP-activated protein
kinase through distinct signaling pathways. J. Biol. Chem.
277:25226–25232.
12. Kemp, B. E., D. Stapleton, ., L. A. Witters. 2003. AMP-activated
protein kinase, super metabolic regulator. Biochem. Soc. Trans.
31:162–168.
13. Hawley, S. A., M. Davison,., D. G. Hardie. 1996. Characterization of
the AMP-activated protein kinase kinase from rat liver and identifica-
tion of threonine 172 as the major site at which it phosphorylates
AMP-activated protein kinase. J. Biol. Chem. 271:27879–27887.
14. Ferrer, A., C. Caelles, ., F. G. Hegardt. 1985. Activation of rat liver
cytosolic 3-hydroxy-3-methylglutaryl coenzyme A reductase kinase
by adenosine 50-monophosphate. Biochem. Biophys. Res. Commun.
132:497–504.
15. Oakhill, J. S., R. Steel,., B. E. Kemp. 2011. AMPK is a direct adeny-
late charge-regulated protein kinase. Science. 332:1433–1435.
16. McBride, A., S. Ghilagaber, ., D. G. Hardie. 2009. The glycogen-
binding domain on the AMPK b subunit allows the kinase to act as
a glycogen sensor. Cell Metab. 9:23–34.
17. Polekhina, G., A. Gupta, ., M. W. Parker. 2005. Structural basis for
glycogen recognition by AMP-activated protein kinase. Structure.
13:1453–1462.
18. Koay, A., B. Woodcroft, ., P. R. Gooley. 2010. AMPK b subunits
display isoform specific affinities for carbohydrates. FEBS Lett.
584:3499–3503.
19. Umetsu, M., T. Nakanishi,., I. Kumagai. 2010. Protein-protein inter-
actions and selection: generation of molecule-binding proteins on the
basis of tertiary structural information. FEBS J. 277:2006–2014.
20. Vemparala, S., S. Mehrotra, and H. Balaram. 2011. Role of loop
dynamics in thermal stability of mesophilic and thermophilic adenylo-
succinate synthetase: a molecular dynamics and normal mode analysis
study. Biochim. Biophys. Acta. 1814:630–637.
21. Peeters, M. C., G. J. P. van Westen, ., A. P. IJzerman. 2011. Impor-
tance of the extracellular loops in G protein-coupled receptors for
ligand recognition and receptor activation. Trends Pharmacol. Sci.
32:35–42.
22. Kaneko, T., S. S. Sidhu, and S. S. C. Li. 2011. Evolving specificity from
variability for protein interaction domains. Trends Biochem. Sci.
36:183–190.
23. Palmer, 3rd, A. G. 2004. NMR characterization of the dynamics of bio-
macromolecules. Chem. Rev. 104:3623–3640.
24. Doucet, N., E. D. Watt, and J. P. Loria. 2009. The flexibility of a distant
loop modulates active site motion and product release in ribonuclease
A. Biochemistry. 48:7160–7168.
25. Siggers, K., C. Soto, and A. G. Palmer, 3rd. 2007. Conformational
dynamics in loop swap mutants of homologous fibronectin type III
domains. Biophys. J. 93:2447–2456.
26. Stewart, M. D., B. Morgan, ., T. I. Igumenova. 2011. Probing the
determinants of diacylglycerol binding affinity in the C1B domain of
protein kinase Ca. J. Mol. Biol. 408:949–970.
27. Scholz, R., M. Suter, ., D. Neumann. 2009. Homo-oligomerization
and activation of AMP-activated protein kinase are mediated by the
kinase domain aG-helix. J. Biol. Chem. 284:27425–27437.
28. Tollinger, M., N. R. Skrynnikov,., L. E. Kay. 2001. Slow dynamics in
folded and unfolded states of an SH3 domain. J. Am. Chem. Soc.
123:11341–11352.
29. Loria, J. P., M. Rance, and A. G. Palmer. 1999. A relaxation-compen-
sated Carr-Purcell-Meiboom-Gill sequence for characterizing chemical
exchange by NMR spectroscopy. J. Am. Chem. Soc. 121:2331–2332.Biophysical Journal 102(2) 305–314
314 Bieri et al.30. Farrow, N. A., R. Muhandiram, ., L. E. Kay. 1994. Backbone
dynamics of a free and phosphopeptide-complexed Src homology 2
domain studied by 15N NMR relaxation. Biochemistry. 33:5984–6003.
31. Delaglio, F., S. Grzesiek,., A. Bax. 1995. NMRPipe: a multidimen-
sional spectral processing system based on UNIX pipes. J. Biomol.
NMR. 6:277–293.
32. Vranken, W. F., W. Boucher, ., E. D. Laue. 2005. The CCPN data
model for NMR spectroscopy: development of a software pipeline.
Proteins. 59:687–696.
33. Bieri, M., and P. R. Gooley. 2011. Automated NMR relaxation disper-
sion data analysis using NESSY. BMC Bioinformatics. 12:421.
34. Bieri, M., E. J. d’Auvergne, and P. R. Gooley. 2011. relaxGUI: a new
software for fast and simple NMR relaxation data analysis and calcu-
lation of ps-ns and ms motion of proteins. J. Biomol. NMR. 50:147–155.
35. Wang, C., M. J. Grey, and A. G. Palmer, 3rd. 2001. CPMG sequences
with enhanced sensitivity to chemical exchange. J. Biomol. NMR.
21:361–366.
36. Luz, Z., and S. Meiboom. 1963. Nuclear magnetic resonance study of
protolysis of trimethylammonium ion in aqueous solution—order of
reaction with respect to solvent. J. Chem. Phys. 39:366–370.
37. Carver, J. P., and R. E. Richards. 1972. General 2-site solution for
chemical exchange produced dependence of T2 upon Carr-Purcell
pulse separation. J. Magn. Reson. 6:89–105.
38. Akaike, H. 1973. Information theory and an extension of the maximum
likelihood principle. In 2nd International Symposium on Information
Theory. B. N. Petrov and F. Csaki, editors. Akademiai Kiado, Budapest,
Hungary. 267–281.
39. Schuck, P., and P. Rossmanith. 2000. Determination of the sedimenta-
tion coefficient distribution by least-squares boundary modeling.
Biopolymers. 54:328–341.
40. Polekhina, G., A. Gupta, ., D. Stapleton. 2003. AMPK b subunit
targets metabolic stress sensing to glycogen. Curr. Biol. 13:867–871.Biophysical Journal 102(2) 305–31441. Baldwin, A. J., and L. E. Kay. 2009. NMR spectroscopy brings invis-
ible protein states into focus. Nat. Chem. Biol. 5:808–814.
42. Boehr, D. D., H. J. Dyson, and P. E. Wright. 2006. An NMR perspective
on enzyme dynamics. Chem. Rev. 106:3055–3079.
43. Mittermaier, A., and L. E. Kay. 2006. New tools provide new insights in
NMR studies of protein dynamics. Science. 312:224–228.
44. Bieri, M., A. H. Kwan,., P. R. Gooley. 2011. Macromolecular NMR
spectroscopy for the non-spectroscopist: beyond macromolecular
solution structure determination. FEBS J. 278:704–715.
45. Thornton, C., M. A. Snowden, and D. Carling. 1998. Identification of
a novel AMP-activated protein kinase b subunit isoform that is highly
expressed in skeletal muscle. J. Biol. Chem. 273:12443–12450.
46. Birk, J. B., and J. F. Wojtaszewski. 2006. Predominant a2/b2/
g3 AMPK activation during exercise in human skeletal muscle.
J. Physiol. 577:1021–1032.
47. Kim, M., and R. Tian. 2011. Targeting AMPK for cardiac protection:
opportunities and challenges. J. Mol. Cell. Cardiol. 51:548–553.
48. Bauer, F., and H. Sticht. 2007. A proline to glycine mutation in the Lck
SH3-domain affects conformational sampling and increases ligand
binding affinity. FEBS Lett. 581:1555–1560.
49. Peng, T., J. S. Zintsmaster, ., J. W. Peng. 2007. Sequence-specific
dynamics modulate recognition specificity in WW domains. Nat.
Struct. Mol. Biol. 14:325–331.
50. Bosshard, H. R. 2001. Molecular recognition by induced fit: how fit is
the concept? News Physiol. Sci. 16:171–173.
51. Boehr, D. D., D. McElheny, ., P. E. Wright. 2006. The dynamic
energy landscape of dihydrofolate reductase catalysis. Science.
313:1638–1642.
52. Vendruscolo, M., and C. M. Dobson. 2006. Structural biology.
Dynamic visions of enzymatic reactions. Science. 313:1586–1587.
